The acousto -electro -optic (AEO) interaction that is presented in this paper is based on the combined Acousto -optic (AO) and Electro -optic (EO) effects.
Introduction
The most widely used methods for wideband light modulation are either the acoustooptic(1) or the electro-optic(2) effects.
Each type of modulator suffers from its own distinct limitations.
For instance in an AO modulator there is a tradeoff between bandwidth and diffraction efficiency.
A small transducer provides a large bandwidth but at the expense of reduced diffraction efficiency and vice -versa.
An EO modulator in an anisotropic crystal has low angular aperture, requires high voltage and it is configured with polarizers and a phase retarder requiring tedious alignment. When a modulator s implemented using the combined A -O and E -0 effects a new flexibility is introduced(3lwith which we can overcome some of the limitations of the two individual modulators.
In this paper the A -E -O interaction is introduced (Section 2) and experimentally confirmed (Section 3).
An assessment of the properties of an AEO modulator is presented in Section 4 and in Section 5 we discuss the use of the A -E -O effect as a light deflector.
II. Acousto -electro -optic interaction
The basic configuration of an AEO modulator is shown in Fig. 1 . The device is operated in a normal configuration of an anisotropic acousto -optic modulator. An acoustic wave is launched in the crystal by the piezoelectric transducer and the device is illuminated at the Bragg angle.
In addition, electrodes are deposited on the crystal, so that a high voltage can be applied and thus an electric field introduced in the crystal, at the same time.
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II. Acousto-electro-optic interaction
The basic configuration of an AEO modulator is shown in Fig. 1 . The device is operated in a normal configuration of an anisotropic acousto-optic modulator. An acoustic wave is launched in the crystal by the piezoelectric transducer and the device is illuminated at the Bragg angle. In addition, electrodes are deposited on the crystal, so that a high voltage can be applied and thus an electric field introduced in the crystal, at the same time. The acousto -optic interaction is analyzed by coupled modes analysis(4) which can be schematically represented by a phase matching diagram ( fig. 2 ). The solid curves in the figure represent the wave -normal surfaces of the crystal without the external voltage. When an external voltage is applied to the two electrodes of Fig. 1 , the shape of the index ellipsoid changes due to the E -O effect and the wave -normal surfaces move accordingly (dotted curves in Fig.2 ). For simplicity we depict the case that only the outer curve changes.
Assuming that the crystal is aligned for perfect Bragg matching for zero applied voltage, then by applying the voltage a phase mismatch is introduced and the diffracted light intensity varies according to the amplitude of the external voltage.
The intensity of the light diffracted in the first order for phase mismatch equal to AK is given by 
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This is the diffracted light intensity formula of the AEO interaction and we can see that this is a direct effect, i.e., the modulation function, in Eq. (4), is not simply the product of the electro -optic and acousto -optic effects.
III. Experiments
An experimental device was constructed to verify the A -E -O interaction.
(A photograph of the device is shown in Fig. 3 ). The device was constructed from a Y -cut LiNb03 crystal with dimensions 40x7x12 (x -y -z) mm. Two electrodes were evaporated on the (0,1,0) surfaces and connected to a high voltage power supply.
An acoustic transducer, mounted on the (1,0,0) surface, launches a transverse, y-polarization, acoustic wave in the x-direction. A beam from a He -Ne laser propagates near the z -axis (1.8° from z-axis).
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where X-wavelength, n-refractive index, h-height of the crystal An the relevant combination of electro-optic coefficients and V is the applied voltage. VAEO is approximately equal to both the half-wave voltage of the A-E-O modulator and to the half voltage of the same device utilized as an E-O transverse modulator. We can rewrite (1) in terms of as follows:
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(A photograph of the device is shown in Fig. 3 ) . The device was constructed from a Y-cut LiNb03 crystal with dimensions 40x7x12 (x-y-z) mm. Two electrodes were evaporated on the (0,1,0) surfaces and connected to a high voltage power supply. An acoustic transducer, mounted on the (1,0,0) surface, launches a transverse, y-polarization, acoustic wave in the x-direction. A beam from a He-Ne laser propagates near the z-axis (1.8° from z-axis) . The intensity of the diffracted light (normalized to n I in ) is plotted in Fig. 4 as function of the voltage (normalized to VAEO/TT)
The theoretical (solid) curve is given by Eq. (1) and (4) .wn Figure 3 . Photograph of the experimental device.
In this experiment __AEO was 6 kV and r, the diffraction efficiency was 2 %. 
A -E -O modulator
The simplest device that can be implemented with the AEO interaction is a light modulator, in the arrangement of the experiment discussed in the previous section. Specifically if the acoustic signal consists of a single fixed frequency (the center frequency of the device) with constant power, then the diffracted light intensity can be modulated by varying the voltage applied across the electrodes of the device, in accordance to the curve in Fig. 4 .
Interestingly, the same device can be used as either an acoustooptic modulator by temporally modulating the acoustic power or alternatively as an electrooptic modulator by varying the applied voltage and observing the transmitted light through crossed polarizers.
In this section we compare the AEO modulator to the properties of the two individual modulators. The bandwidth of the AYO modulator is limited primarily by the electrical driving circuit with which the voltage is applied across the electrodes.
The piezoelectric transducer does not affect, in any way the bandwidth and therefore it can be designed to maximize the diffraction efficiency by increasing the transducer (and thus the interaction) length. The experimental results are in excellent agreement with the theoretical curve.
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The piezoelectric transducer does not affect, in any way the bandwidth and therefore it can be designed to maximize the diffraction efficiency by increasing the transducer (and thus the interaction) length.
In addition the acoustic transit time limitation that is associated with the AO modulator is not encountered here and thus an extended optical beam can be modulated. Therefore the temporal characteristics of the AEO modulator are similar to the characteristics of the EO modulator which are generally superior to those of the AO modulator. The spatial characteristics of the AEO modulator, on the other hand, are the same as the AO modulator.
The modulated light is angularly separated from the unmodulated light and thus the need for cross polarizers is eliminated.
The AEO modulator works with unpolarized light as well (with a loss in diffraction efficiency by a factor of 2) and in general the alignment of the AEO (and AO) modulator is less tedious. For instance, the numerical aperture of the AEO device we discussed in the previous section is 1.1° an EO device using the same crystal has only .6° numerical aperture. The interaction geometry of the AEO modulator can be optimized to yield several degrees of numerical aperture. (5) This is the most important advantage of the AEO modulator over the EO device.
The modulation curve of the AEO modulator (diffracted intensity vs. applied voltage) is given by Eqs. (1) and (4) and is plotted in Fig. 4 .
This modulation curve is different from the EO or -the AO modulators, but the linear dynamic range that can be obtained from the modulator is approximately the same.
For instance we have compared the linearity of the AEO and EO modulators by calculating the modulation depth obtained in the two cases when the third harmonic of modulation is set to 1% of the fundamental in both cases. The modulation efficiency in this case is 44% for the AEO modulator and 48% for the EO modulator.
The voltage level that is required in the AEO device is similar to that needed in a transverse EO modulator. The required voltage can be reduced by increasing the interaction length, reducing the height of the device and using materials with higher electro -optic constants.
The geometrical improvements can be most conveniently accomplished through the use of surface acoustic waves and optical waveguides. This is a possibility we are currently exploring.
V.
Acousto -electro -optic deflector
Another possible use of the AEO interaction will be to build an AEO phase mismatch compensated deflector.
The number of resolvable spots in an AO deflector is given by (1) where A8T is the total deflected angle, X is the optical wavelength, n i.s the index of refraction and D is the optical aperture. 46T is given by the bandwidth of the deflector. This bandwidth is given by the transducer bandwidth and the phase mismatch introduced by the deviation of the scanning acoustic wave frequency from the center frequency.
If the appropriate voltage is applied to compensate the phase mismatch introduced for each scanning frequency, a larger bandwidth can be obtained and therefore a larger total deflection angle and a larger number of spots.
The compensating voltage is approximately linear in the phase mismatch, AK and therefore also linear in the change in frequency f -fc.
The device discussed in section 3 was also used to demonstrate the AEO deflector. The results of these experiments are shown in Fig. 5 . The normalized intensity of the diffracted light obtained with and without the compensating voltage is plotted as function of the acoustic frequency.
The compensating voltage, as function of acoustic frequency is plotted in the same figure. From Fig. 5 we can see that the bandwidth of the AEO deflector is about 2.5 times larger than that of the AO deflector and is limited by the electrical bandwidth of the transducer. As expected the compensating voltage is linear in f -fc.
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The voltage level that is required in the AEO device is similar to that needed in a transverse EO modulator. The required voltage can be reduced by increasing the interaction length, reducing the height of the device and using materials with higher electro-optic constants. The geometrical improvements can be most conveniently accomplished through the use of surface acoustic waves and optical waveguides. This is a possibility we are currently exploring.
V. Acousto-electro-optic deflector
The number of resolvable spots in an AO deflector is given by (1)
where A6 is the total deflected angle, X is the optical wavelength, n is the index of refraction and D is the optical aperture. AG^, is given by the bandwidth of the deflector. This bandwidth is given by the transducer bandwidth and the phase mismatch introduced by the deviation of the scanning acoustic wave frequency from the center frequency. If the appropriate voltage is applied to compensate the phase mismatch introduced for each scanning frequency, a larger bandwidth can be obtained and therefore a larger total deflection angle and a larger number of spots. The compensating voltage is approximately linear in the phase mismatch, AK and therefore also linear in the change in frequency f -f . c
The device discussed in section 3 was also used to demonstrate the AEO deflector. The results of these experiments are shown in Fig. 5 . The normalized intensity of the diffracted light obtained with and without the compensating voltage is plotted as function of the acoustic frequency. The compensating voltage, as function of acoustic frequency is plotted in the same figure. From Fig. 5 we can see that the bandwidth of the AEO deflector is about 2.5 times larger than that of the AO deflector and is limited by the electrical bandwidth of the transducer. As expected the compensating voltage is linear in f -f . Experimental results of a phase -mismatch compensated APO deflector A.
Ideal response of the Compensating Deflector.
B.
Real deflected light intensity of the Compensating Deflector due to the transducer bandwidth.
C.
Deflected light intensity without compensating voltage.
D.
Compensating Voltage.
VI.
Conclusion
The most important characteristic of the AEO effect is the increased flexibility in the design that results from the additional modulating signal. This can allow the design to overcome some of the limitations imposed by the individual EO and AO interactions.
The AEO effect can prove to be of particular significance in the area of optical signal processing where the direct interaction among the three input signals to the device (optical, acoustic, electrical) can allow signal processing operation to be efficiently performed.
The principal limitation of the AEO effect is the high voltage requirement in our present device.
We are exploring several methods for reducing the required voltage including the use of planar technology (surface acoustic waves and optical waveguides) (7) and the resonant piezoelectric effect. 
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